The accuracy of Milne-Eddington (ME) inversions, used to retrieve the magnetic field vector, depends upon the signal-to-noise ratio (SNR) of the spectropolarimetric observations. The SNR in real observations varies from pixel to pixel, therefore the accuracy of the field vector also varies over the map. The aim of this work is to study the effect of polarimetric noise on the inference of magnetic field vector and the magnetic non-potentiality of a real sunspot. To this end, we use Hinode SOT/SP vector magnetogram of a real sunspot NOAA 10933 as an input to generate synthetic Stokes profiles under ME model assumptions. We then add normally-distributed polarimetric noise of the level 0.5% of continuum intensity to these synthetic profiles and invert them again using ME code. This process is repeated 100 times with different realizations of noise. It is found that within most of the sunspot area (> 90% area) the spread in the (i) field strength is less than 8 Gauss, (ii) field inclination is less than 1 degree, and (iii) field azimuth is less than 5 degrees. Further, we determine the uncertainty in the magnetic non-potentiality of a sunspot as determined by the force-free parameter α g and Spatially Averaged Signed Shear Angle (SASSA). It is found that for the sunspot studied here these parameters are α g = −3.5 ± 0.37 (×10 −9 m −1 ) and SASSA =−1.68 ± 0.014
Introduction
Accurate determination of the vector magnetic field is very important for the studies of magnetic non-potentiality in active regions. The evolution of the active region magnetic field towards an increasingly non-potential state leads to buildup of magnetic free energy, i.e., energy above magnetic potential energy. This free magnetic energy is believed to drive the eruptive phenomena like flares and Coronal Mass Ejections (CMEs). Prediction of such phenomena on the Sun is very important for space weather forecasting, and requires good knowledge of the non-potentiality of the magnetic field in solar active regions.
Force-free parameter α g has been studied to infer the non-potentiality of sunspots for a long time (Pevtsov et al. 1994 (Pevtsov et al. , 1995 Abramenko et al. 1996; Bao & Zhang 1998; Hagino & Sakurai 2004 , 2005 Nandy 2006 ). Using the second moment of minimization (Hagino & Sakurai 2004; Tiwari et al. 2009a ) the relation between α g and the vector field components is given by the following relation :
The global alpha (α g ) actually gives twice the degree of twist per unit axial length and not the twist (see Appendix A of Tiwari et al. (2009a) ). Thus, if the length of the magnetic field structure in a volume is given, global twist can be obtained from alpha for force-free fields.
Another parameter, spatially averaged signed shear angle (SASSA), henceforth denoted as Ψ, was recently proposed by Tiwari et al. (2009b) as a measure of magnetic non-potentiality in sunspots. This parameter is the spatial average of the angle between observed magnetic field and potential field azimuth. It is derived from the following relation.
where B xo , B yo and B xp , B yp are observed and potential transverse components of the -4 -magnetic field, respectively. The angled-braces represent the spatial average taken over all pixels except those below noise (see section 2.3). This parameter thus gives average shear angle on the photospheric boundary and is independent of the force-free nature as well as shape of the sunspots ). The high-quality Hinode data has also allowed these authors to study the contribution of local alpha values of umbral and penumbral structures to global alpha value of the sunspots. Further, Gosain et al. (2009) evaluated Ψ of active region NOAA 10930 during X-class flare of 13 December 2006 using vector magnetograms obtained few hours before and after the flare by Spectro-Polarimeter (SP) instrument (Lites et al. 2007; Ichimoto et al. 2008) with Solar Optical Telescope (SOT) onboard Hinode satellite (Kosugi et al. 2007; Tsuneta et al. 2008) , and found that the Ψ decreased after the flare. However, high-cadence vector magnetograms are needed to follow the evolution of non-potentiality, characterized by Ψ, during the flare interval. Magnetographs based on tunable filters like Imaging Vector Magnetograph (IVM) (Mickey et al. 1996) and Solar Vector Magnetograph (SVM) (Gosain et al. 2004 (Gosain et al. , 2006 from ground and recently flown Helioseismic and Magnetic Imager (HMI) onboard Solar Dynamics Observatory (SDO) from space (Scherrer & SDO/HMI Team 2002) can provide such high-cadence magnetograms of active regions. Tiwari et al. (2009a) had earlier evaluated the effect of polarimetric noise on the magnetic twist parameter α g and magnetic energy using a synthetic bipole (Low 1982) .
However, for real sunspots the distribution of magnetic field vector is not the same as in the case of synthetic bipole. Real sunspots have umbra and penumbra besides fine structure, as seen by high resolution ground based and space based Hinode observations. In a recent study by Su et al. (2009) using Hinode observations it was found that the current and α distribution in a sunspot is not smooth but has a fine mesh-like structure with mixed polarity patches of α in the umbra and radial spine like pattern with alternating polarity in penumbra of a sunspot. At the umbra penumbra boundary they found an incomplete -5 -annular ring with current and α values of sign opposite to that of global α i.e., α g . Further, Tiwari et al. (2009b) have shown that the distribution of α in penumbra almost cancels to zero while in umbra there is a net value which bears same sign as α g and has same magnitude as α g . Further, the new parameter Ψ that has been introduced recently by Tiwari et al. (2009b) needs to be assessed for robustness in the presence of uncertainties in the magnetic field parameters of a real sunspot. This work therefore extends the results of Tiwari et al. (2009a) to the case of a real sunspot observed by Hinode and to the new parameter Ψ.
The uncertainties in vector magnetic field obtained by fitting the observed Stokes profiles with model profiles can arise mainly due to the following reasons : (i) invalidity of the model atmosphere used, e.g., ME model cannot fit asymmetric Stokes profiles which arise due to variation of physical parameters within the line forming region, and
(ii) polarimetric noise, e.g., sensitivity in determining the field parameters depends on the 
The Monte-Carlo Approach for Determination of Uncertainties
The uncertainties in the field parameters derived using ME inversion of observed Stokes profiles, purely as a result of polarimetric noise present in the observed data, are considered
here. There are two ways of determining the uncertainties:
(i) Standard Errors : Basically, in the Stokes profile inversions, a merit function is defined However, this depends on the distribution of field vector, and so the comparison of errors by the two methods may vary from pixel to pixel. Further, the Monte-Carlo error estimates depend upon the noise in the data as well as the noise in the process of inversion. Thus these are useful to establish the statistical significance of the results.
We use Monte-Carlo approach to determine the statistical spread or uncertainty in the magnetic field parameters as well as the non-potentiality parameters of active region arising due to polarimetric noise. The approach is as follows:
(1) First we take real observations of a sunspot by Hinode SOT/SP and invert it with a Milne-Eddington code to retrieve magnetic field vector.
(2) resolve the azimuthal ambiguity in the transverse field using acute angle method. This simulation gives us an idea about the spread (standard deviation) in derived field vector and the non-potentiality parameters of a real sunspot, arising due to polarimetric noise. This knowledge of standard deviation in the magnetic non-potentiality parameters α g and Ψ is important to determine whether the observed changes in these parameters, for example in relation to flares, are significant or not. Such studies are yet to be done and the present work will establish the level of uncertainties in the parameter Ψ or α g due to polarimetric noise in modern observations, such as from Hinode.
Method of Adding the Noise
We first generate synthetic Stokes profiles corresponding to the "true field" using Milne-Eddington based Stokes profile synthesis and inversion code named Helix (Lagg et al. 2004) . To these synthetic profiles we add normally distributed random noise with the 3-σ level of 0.5% of continuum intensity (I c ). The noise, N(λ), is added to the synthetic Stokes profiles, S syn (λ), as follows:
(1) First a pseudo random-number sequence is generated which is normally distributed with -10 -a zero mean and a 3-σ standard deviation of given level, say L. In our case L=0.5% of I c .
(2) This sequence is then added to the synthetic Stokes profiles to yield noisy Stokes profile,
The noise level is estimated from the observed signals in the continuum of the Stokes spectra. A continuum window between 6302.83Å and 6303.28Åis selected for monitoring the noise in Stokes signal. The left panel of the figure 1 shows the histogram of noise in the observed Stokes profiles for a large number of pixels (1024 pixels) for a typical SOT/SP scan in "fast-map" observing mode. A Gaussian fit to this distribution yields a 3-σ value of 0.5% of I c . This is the noise level that we used in our simulations. The histogram in the right panel of figure 1 shows the distribution of artificial noise that we add to the synthetic profiles. These profiles are then inverted with the Helix code. This process is repeated 100 times and so for each pixel we have 100 values distributed around a mean value.
While modern spectro-polarimetric observations have typically noise levels of the order of 0.5% of I c , archived observations from the ground-based instruments, which might be used for synoptic studies, may have higher levels of noise. Therefore, we also carried out an exercise to check the variation in the magnetic as well as non-potentiality parameters, Ψ and α g , with increasing polarimetric noise levels. We added four different levels of noise,
i.e., 0.01, 0.1, 0.5 and 1 % of continuum intensity.
Method of computing α g and Ψ
The computation of the non-potentiality parameter α g and Ψ is done as proposed by Tiwari et al. (2009a Tiwari et al. ( , 2009b . The expression for computation of these parameters is given -11 -in equations (1) and (2) and Monte-Carlo error estimate) inside the sunspot is less than 50 Gauss for the field strength. While for inclination and azimuth it is less than few degrees. The azimuth errors are typically largest in the umbral and plage region where the field is almost vertical and azimuth is not well defined.
In figure 2 , we isolate the umbral and penumbral regions by using continuum intensity Gauss and 8 Gauss for field strength, less than 1 and 0.5 degrees for field inclination, and less than 5 and 2 degrees for field azimuth, respectively.
(ii) the standard error is larger than Monte-Carlo error estimates in both the umbral and penumbral regions for field strength as was found by Westendorp Plaza et al. (2001) In general, considering all the panels in figure 3 , it may be concluded that the standard errors are larger than the Monte-Carlo errors. Here, one should bear in mind that standard errors shown in figure 3 , are for inversion of real Stokes profiles which possess asymmetry, apart from the polarimetric noise. While, Monte-Carlo error correspond to repeated inversion of purely synthetic, and therefore symmetric (or antisymmetric for Stokes-V) profiles with polarimetric noise. Therefore, the main source of difference between the two type of errors could be attributed to the presence of Stokes asymmetry in the real stokes 
Effect of noise on Azimuthal Ambiguity Resolution
It is well known that the Zeeman effect diagnostics cannot detect the direction of the transverse field component and so a 180 degree ambiguity remains in the determination of the field azimuth. Various methods, however, have been developed by the researchers to resolve this ambiguity using different arguments (Leka et al. 2009 ). One of the most common and widely applicable method is the so-called acute angle method.
In this method the angle between the observed and potential transverse field, i.e., θ = acos(B Fortunately, in a normal round sunspot, like the one used in our simulations, there are no high-shear regions and therefore the azimuthal ambiguity is easily solved with acute angle method. Nevertheless, we need to check the effect of polarimetric noise on the azimuth ambiguity resolution in our simulations before we examine the uncertainty in the Ψ and α g -14 -parameter of the sunspot in 100 realizations. After resolving the azimuthal ambiguity using acute angle method for the 100 realizations of the sunspot vector maps, we made a map of 1-σ standard deviation for azimuth angle, as shown in middle-right panel of figure 2 . If the ambiguity is not resolved properly in these 100 realizations, there will be fluctuations of the order of 180 degrees, leading to a large value of standard deviation in azimuth value for a given pixel. However, in the right panel of the middle row in figure 2 we see that:
(i) the resolution of the azimuth angle is quite stable for the most part within the sunspot, specially in the penumbral region. Outside the sunspot, in the quiet and facular areas, the errors are large. This is mainly due to poor SNR in these areas as a result of weaker and/or vertical fields.
(ii) As we go towards the umbra the values of standard deviation are large. We examined the values of the field azimuth in these regions and found that values do not vary to the extent of 180 degrees and therefore the large errors in umbral region is not due to ambiguity solver but due to poor SNR in Stokes-Q and U observations. Only in the very central part of the umbra, where the field inclination is close to 90 degrees, the azimuth loses its meaning and so we see a large spread.
Further, we also checked the effect of ambiguity solver with increasing noise i.e., four different levels of noise of 0.01, 0.1, 0.5 and 1 % of continuum intensity. Here also the azimuth ambiguity resolution is stable for most part of the sunspot.
Effect of noise on Ψ and α g
The figure 4 shows histogram of Ψ and α g corresponding to 100 Monte-Carlo realizations of vector field. It can be noticed that:
1. The Ψ is not affected much by noise: The distribution of Ψ corresponding to 100 realizations show less scatter (∼ 1%) with Ψ =−1.68 ± 0.014
• .
-15 -2. The values of α g are more affected: The distribution shows large scatter (∼ 10%) in values with α g = −3.5 ± 0.37 (×10 −9 m −1 ).
These results show that the Ψ may be more reliable as compared to α g for typical polarimetric noise present in modern spectro-polarimetric observations as it is a lower dispersion parameter.
We also check the effect of increasing noise in the polarimetric measurements on the magnetic as well as non-potentiality parameters of the same sunspot. In order to compare the effect of increasing noise on the field parameters in the sunspot we isolate the umbral and penumbral region, as was done in figure 2, and do a scatter plot between the input and output field parameters, for different levels of noise. The scatter plot for umbral and penumbral region is shown in figure 5 and figure 6 respectively. It can be seen that, in the umbra, where the field is mostly vertical, the azimuth determination is more affected with increasing noise than the field strength and inclination. Specially, for 0.5% and 1% noise levels the spread is large in the azimuth and inclination values. In comparison, the scatter plot for the penumbral region, where the field is not so vertical, shows that the azimuth is determined with less spread even for 0.5% and 1% noise levels, respectively. Table 1 lists the non-potentiality parameters, derived from the ME inverted magnetic field vector, after adding noise of different levels in the synthetic Stokes profiles. In Table 1 Other physical measures of whole active region non-potentiality are the virial estimate of free-energy and α g . Both of these measures require the photospheric magnetic field to be force-free. However, force-free condition may not be justified as the plasma β in the photosphere is not much smaller than unity and so the non-magnetic forces are not negligible. The effect of the polarimetric noise on the virial free-energy estimate was determined by Klimchuck et al. (1992) and Tiwari et al. (2009a) . However, the results of these studies are valid for analytic force-free field solution of (Low 1982) . While, in real sunspots, the effect of non-force-freeness of photospheric field on virial energy and α g may be larger than the effect of polarimetric errors quantified by Klimchuck et al. (1992) and Tiwari et al. (2009a) . The whole active region non-potentiality characterized by SASSA Ψ is, however, free of force-free assumption and in the present work we studied the effect of polarimetric noise on this parameter.
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We simulated polarimetric profiles with noise level of 0.5% of I c , which is typical of
Hinode SOT/SP observations as shown in figure 1. It must be noted that the synthesis of these profiles is done under the assumption of ME model atmosphere and so the present results pertain to symmetric Stokes profiles only. The asymmetry of the Stokes profiles would lead to a systematic rather than random effect which needs to be quantified in a separate study. In hundred realizations of such noisy symmetric Stokes profiles we found that the parameter Ψ is statistically more stable than α g . The reason for this stability of Ψ as compared to α g can be understood as follows. In Eqn. (2) Ψ is derived as a simple summation of angles. So, the random errors would cancel each other in summation. While, in Eqn.
(1) we note that α g depends upon three components B x , B y and B z and is not a simple summation and therefore the random errors in the three parameters would not vanish statistically. Thus, α g would be more vulnerable to the noise as compared to Ψ.
Further, in the presence of different noise levels i.e., 0.01, 0.1, 0.5 and 1% of I c , it is found that the standard deviation in Ψ is less vulnerable to increasing noise than α g . The absolute value of Ψ tends to reduce systematically with increasing noise. -18 -
Conclusion
We generated an ensemble of artificial spectro-polarimetric dataset for a given sunspot. This ensemble of data is then inverted to give an ensemble of vector maps. These maps are then used to estimate of uncertainties in the field parameters as well as in the non-potentiality parameters, α g and Ψ, of the sunspot. The standard errors of ME fitting are given by the inversion codes according to Press et al. (1986) and Bellot Rubio et al. (2000) . The Monte-Carlo errors give us an independent method to cross-check the standard error estimates. In figure 3 , we show that the Monte-Carlo errors for field strength, inclination and azimuth in the sunspot is determined within ± 8 G, ± 1 degree and ± 5 degree, respectively. A comparison shows that the Monte-Carlo errors in field strength are typically smaller than the standard errors, while it is opposite for the field azimuth and inclination, except for the field inclination in penumbra where again the Monte-Carlo errors are less than standard errors. In general, the standard errors are more conservative estimates because they include the effects of polarimetric noise as well as those of Stokes asymmetry, while Monte-Carlo errors account only for the polarimetric noise.
The effect of polarimetric noise on the parameters characterizing the non-potentiality of a sunspot magnetic field suggests that Ψ is more robust than α g (as shown by the histogram in figure 4) . Further, Ψ appears to be a stable parameter with increasing noise in the polarimetric data (Table 1) .
Thus, Ψ will be useful for studying the evolution of non-potentiality of the active region magnetic fields, which in turn, can help in the prediction of flare occurrence. The parameter Ψ in a large number of active regions as well as the evolution of Ψ in a flaring regions will be evaluated in a future work.
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